We present a high-throughput method that enables efficient delivery of biomolecules into cells. The device consists of an array of 96 suspended electrode pairs, where small sample volumes are top-loaded, electroporated and bottom-ejected into 96-well plates. We demonstrate the use of this suspended-drop electroporation (SDE) device to effectively introduce fluorescent dextran, small interfering RNA (siRNA) or cDNA into primary neurons, differentiated neutrophils and other cell types with conventionally low transfection rates.
Delivery of biomolecules such as cDNA, siRNA, proteins and small molecules into living cells is a prerequisite for most cell biology experiments. Even though primary cells and many cell lines serve as important model systems to understand biological processes, effective intracellular delivery of molecules has been a rate-limiting step for cell-based experiments and high-throughput screens. Classical chemical transfection methods based on lipids 1 or calcium phosphate precipitation 2 are often inefficient or toxic when used for delivering cDNA or other biomolecules into cells such as primary neurons, 3T3-L1 adipocytes, differentiated human promyelocytic leukemia cells (HL-60) or human umbilical vein endothelial cells (HUVEC). Microinjection 3 or particle-mediated methods 4 produce low yields and are inherently low-throughput. Viral transfections, such as with vaccinia virus or adenovirus 5, 6 , are experimentally difficult to implement and are not suitable for small-molecule or protein transfection.
In contrast, electroporation provides a more general approach for introducing biomolecules into cells 7, 8 but has so far been of limited use for mammalian cells because of technical problems. For example, relatively large volumes are required in cuvette-type electroporators, which prohibits the use of expensive or precious biomolecules. Commercial strategies that combine electroporation with optimized transfection reagents (that often differ between cell types) are also expensive and typically work only for specific biomolecules such as cDNA or siRNAs (Supplementary Table 1 online). Furthermore, two available commercial multiwell-format electroporation devices that we tested (Ambion siPORTer-96 and Amaxa 96-well shuttle) were difficult to use reproducibly and required more than 10 min for processing a 96-well plate because of a sequential treatment of the samples (Efficient delivery of Dharmacon (SMARTpool) siRNA reagents in difficult-to-transfect cell lines using the amaxa nucleofector 96-well shuttle system. Technical note, Amaxa 9, 8-11; 2007) , and relatively slow sample extraction and washing steps (Ovcharenko, D., Jarvis, R., HunickeSmith, S., Kelnar, K. & Brown, D. High throughput siRNA delivery in vitro: from cell lines to primary cells. Technical note, Ambion, 12(2); 2005). Both devices were expensive to use because of a need for proprietary buffer kits, and manual steps for sample extraction and cleaning limited the use of these devices for highthroughput experimentation.
Here we present a method of electroporation that is based on an array of suspended electrode pairs that are top-loaded with sample volumes of 10-20 ml; the samples are held between the electrodes by surface tension (Fig. 1a) . After electroporation, the sample can be displaced in parallel to the wells below by direct addition of cellculture medium. We implemented this strategy in a 96-well format and obtained full recovery of the samples without the need of multiple wash steps. The gold coating of the electrode arrays makes them reusable, and standard inexpensive extracellular buffers could be used for different cell types we tested. The top loading and bottom ejection minimizes pipetting and washing, which made it possible to effectively use multichannel robotics ( Supplementary  Fig. 1 online) . We performed a typical 96-well electroporation experiment (Fig. 1a) , including B10,000 cells per well, in three steps, which required less than a minute; our approach is therefore suitable for high-throughput biomolecule delivery.
The SDE device consists of two machined gold-coated copper pieces with 96 electrodes each (Fig. 1b) . These two pieces create an array of 96 vertical electrode pairs that function as suspended electroporation chambers. Each electrode has a surface of 16 mm 2 and is separated by 1.5 mm, suitable for sample volumes from 10-20 ml (for construction details, see Supplementary Methods and Supplementary Fig. 2 online) . The two gold-coated parts are connected to a power supply that delivers square pulses of tunable time lengths and voltages (Supplementary Methods) for better transfection efficiencies, as had been found earlier 8 . The power supply and capacitor support currents up to 250 A for several milliseconds. Voltage gradients and pulse lengths used for the 96-well SDE device are not substantially different from those used for single cuvette electroporation.
We tested a range of applications of the SDE device by treating different cell types with small dextran molecules, siRNA and cDNA. As electroporation buffer, we used standard extracellular buffer (pH 7.4 adjusted with HEPES) because it is nontoxic, easily produced and suitable for all mammalian cell types.
We first treated HL-60 cells, a neutrophil-like cell type that is difficult to transfect using existing techniques, which is commonly used as a model for cell migration and chemotaxis 9 . We electroporated differentiated HL-60 cells using square pulses of 630 V/cm and 7 ms in the presence of 50 mM fluorescein-labeled dextran of 10 kDa ( Table 1) . We ejected the cells, collected them by centrifugation, resuspended them in fresh growth medium and imaged them (Fig. 1c) . Most cells contained sufficient dextran to be visible by fluorescence microscopy ( Fig. 1c) with cells ranging from untransfected to weakly transfected to much more highly transfected. Cell death was very low as revealed by live-and dead-cell staining (Fig. 1c) . In subsequent experiments, we directly plated electroporated cells in a fibronectin-coated 96-well plate and washed them before imaging to remove non-differentiated cells (Supplementary Methods). The electroporation efficiency of differentiated cells was 90% (Fig. 1d) as determined by comparing the fluorescence intensity distribution of treated versus nontreated cells ( Fig. 1d; each condition, B2,000 cells). Note that the distribution of the fluorescence intensity per cell is broad and gradually decreases with increasing brightness (Fig. 1d) presumably because biomolecules enter cells by diffusion through multiple transient pores that have variable sizes and opening times 7, 8 . Accordingly, individual cells that have more pores, pores with longer opening times or bigger pore sizes are expected to be brighter because proportionally more fluorescein-labeled dextran diffuses into the cytosol. The resulting electroporation efficiency was reproducible and consistent across the 96 wells (5% s.d. variation over 96 wells; Fig. 1e ). This is, to our knowledge, the first demonstration and characterization of a simultaneous electroporation of 96 samples.
We used the same electroporation conditions to deliver into HL-60 cells siRNA to knock down expression of a nuclear envelope protein, lamin A/C. Three days after treatment, we observed knockdown efficiencies of 70% and 67% of lamin A/C by western blot and immunostaining, respectively (Fig. 2a,b) . As all nuclear envelopes had similar fluorescence-staining intensity, knockdown of lamin A/C and electroporation efficiency was consistent across the population (Fig. 2b) . We used longer pulse lengths of higher intensities to effectively transfect cDNA encoding enhanced GFP (eGFP) into differentiated HL-60 cells (Fig. 2c) with transfection efficiencies reaching 45% ( Table 1) . Electroporated cells were physiologically functional; they chemotaxed toward a gradient of chemoattractant N-formyl-methionine-leucine-phenylalanine (fMLP) in an under-agarose assay (Fig. 2d) . As a comparison, commercially available electroporation devices did not allow the delivery of siRNA, cDNA and/or dextran into differentiated HL-60 cells as efficiently as the SDE device, which allowed high transfection efficiency combined with low cell death; Supplementary Table 1 ). Note that transfection efficiency and cell death percentage were correlated ( Supplementary Fig. 3 online), and that pulse optimization for the SDE device is also a compromise between cell viability and transfection efficiency. We generally optimized pulse settings to aim for B50% cell death (Table 1 and Supplementary Fig. 3 ).
We also successfully electroporated, with high transfection efficiencies, other physiologically important cell types, including neurons, adipocytes and mast cells using the SDE device. We transfected primary hippocampal neurons with eGFP cDNA (0.2 mg/well) with B50% transfection efficiency ( Fig. 2e and see Table 1 for electroporation conditions). The transfected neurons had indistinguishable neurite dynamics compared to untransfected neurons, and we observed early synapse formation (Supplementary Fig. 4 online) . We similarly electroporated differentiated 3T3-L1 adipocytes, RBL-2H3 tumor mast cells and HUVECs with eGFP ( Fig. 2f-h ) with transfection efficiencies of 55%, 45% and 65%, respectively ( Table 1) . Cell death was 40-60% depending on the cell type and the amount of cDNA, which is similar or lower than the amount of cell death seen with commercially available electroporation devices (Supplementary Table 1 ) and with conventional electroporation 8 . Higher transfection efficiency could often be reached with the SDE device compared to that with available commercial devices because the several-fold smaller sample volume allows higher relative sample concentrations to be used.
Our study introduces a versatile method to deliver biomolecules into difficult-to-transfect cell types such as differentiated neutrophils and primary cultured neurons. We showed that the SDE device has a several-fold improvement over existing electroporation devices in terms of reduced volume, cost and cycle time, and that it is suitable for high-throughput automated experiments. This opens new possibilities for systems biology experimentation combining relevant cell models with RNA interference or smallmolecule screening. 
